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(57) ABSTRACT 

A magnetic field sensor that isotropically senses an incident 
magnetic field. This is preferably accomplished by provid- 
ing a magnetic field sensor device that has one or more 
circular shaped magnetoresistive sensor elements for sens- 
ing the incident magnetic field. The magnetoresistive mate- 
rial used is preferably isotropic, and may be a CMR material 
or some form of a GMR material. Because the sensor 
elements are circular in shape, shape anisotropy is elimi- 
nated. Thus, the resulting magnetic field sensor device 
provides an output that is relatively independent of the 
direction of the incident magnetic field in the sensor plane. 

12 Claims, 5 Drawing Sheets 
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MAGNETIC FIELD SENSOR FOR 
ISOTROPICALLY SENSING AN INCIDENT 
MAGNETIC FIELD IN A SENSOR PLANE 

This invention was made with Government support 5 
under NASA contract NAS3-27809 entitled “Giant Magne- 
toresistive Oxide Sensors”. The Government has certain 
rights in the invention. 

BACKGROUND OF THE INVENTION io 

1. Field of the Invention 

The present invention generally relates to magnetic field 
sensor devices and more particularly relates to such devices 
that measure the amplitude of an incident magnetic field in 15 
a sensor plane. 

2. Description of the Prior Art 

Magnetometers and other magnetic sensing devices have 
many diverse applications including automobile detection, 
proximity sensors, magnetic disk memories, magnetic tape 20 
storage systems, magnetic strip readers, etc. Such devices 
typically provide one or more output signals that represent 
the magnetic field sensed by the magnetic sensing device. 

Magnetic sensor devices typically include one or more 
sensor elements that are formed from a magnetoresistive 25 
material. The resistance of a magnetoresistive material typi- 
cally changes when exposed to an incident magnetic field. 
Thus, to detect an incident magnetic field, most magnetic 
sensor devices simply sense the change in the resistance of 
the magnetoresistive material, and provide an output signal 30 
that indicates the presence of, or has an amplitude that is a 
function of, the incident magnetic field. 

Common magnetoresistive materials include Anisotropic 
Magnetoresistive (AMR) materials, Giant Magnetoresistive 35 
(GMR) materials, and Colossal Magnetoresistive (CMR) 
materials. The resistance of AMR materials typically only 
changes a few percent change when exposed to an incident 
magnetic field. AMR materials are typically anisotropic with 
respect to the supplied current direction and incident field 4Q 
direction. Under limited conditions, however, AMR mate- 
rials can be isotropic with respect to the incident field 
direction. 

The resistance of GMR materials can change several 
hundred percent when exposed to an incident field. GMR 45 
materials are typically formed using multilayer films to 
produce a giant magnetoresistive effect. GMR materials are 
typically isotropic with respect to current direction, but can 
be anisotropic or isotropic with respect to the incident field 
direction depending on the type of crystal and shape struc- 50 
ture. AMR and GMR materials are further discussed in U.S. 
Pat. No. 5,569,544 to Daughton. 

CMR materials have the greatest magnetoresistive effect 
in response to an incident magnetic field. The resistance of 
a CMR material can change up to a 10 6 percent. Most CMR 55 
materials are intrinsically isotropic in nature with respect to 
the supplied current and the incident magnetic field direc- 
tion. 

The response curve for a magnetoresistive material is 
often defined with the amplitude of the incident magnetic 60 
field along the X-axis, and the resulting resistance of the 
magnetoresistive material along the Y-axis. CMR and some 
GMR magnetoresistive materials can often have both a 
symmetrical and isotropic response curve. A symmetrical 
response curve is one that is symmetrical about the Y-Axis. 65 
That is, the magnetoresistive material satisfies the equation 
R(H)=R(-H), where H is the incident magnetic field. 
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For CMR and some GMR magnetoresistive materials, the 
response curve is not perfectly symmetrical because of 
hysteresis effects. FIG. 1 shows a response curve for a 
typical CMR magnetoresistive material. The response curve 
is nearly symmetrical (R(H)»R(-H)) about H=0, with some 
hysteresis shown. For CMR and some GMR magnetoresis- 
tive materials, the hysteresis effects are small and can be 
effectively ignored except in the most sensitive magnetic 
sensor applications. As indicated above, the response curve 
of CMR and some GMR magnetoresistive materials is also 
isotropic. An isotropic response curve is one that is inde- 
pendent of the direction of the incident magnetic field, 
usually within a sensor plane. 

FIG. 2 shows a schematic of a typical resistance mea- 
surement of a magnetoresistive film 20. Only a portion of the 
magnetoresistive film 20 is shown. Input current terminals 
22 and 24 are electrically connected to the magnetoresistive 
film 20, as shown. A current source 26 is then connected 
between input current terminals 22 and 24 to provide a 
current through the magnetoresistive film 20. Output voltage 
terminals 28 and 30 are also electrically connected to the 
magnetoresistive film 20, as shown. A volt meter 32 mea- 
sures the voltage generated between the output voltage 
terminals 28 and 30. The voltage measured by volt meter 32 
is proportional to the resistance of the magnetoresistive film 
20 . 

To measure the response curve of a magnetoresistive 
material, an incident magnetic field H 38 is provided to the 
film 20 at an angle 0 34 relative to a reference direction 36 
in the sensor plane. As indicated above, CMR and some 
GMR magnetoresistive materials are typically isotropic, 
exhibiting the same response curve regardless of the direc- 
tion 0 34 of the incident magnetic field in the sensor plane. 

Because the amplitude of the incident magnetic field is 
important regardless of the direction in some applications, 
such as in an electromagnetic radiation monitor, it is often 
desirable to provide a magnetic field sensor that senses a 
magnetic field isotropically. In such a magnetic sensor 
device, the output signal is relatively independent of the 
direction of the incident magnetic field, at least within the 
sensor plane. Another advantage of sensing a magnetic field 
isotropically is that the sensitivity of the magnetic field 
sensor may be increased because all components of the 
magnetic field in a sensor plane are measured, resulting in a 
higher value of total field than a single component sensor 
would provide. 

Despite the isotropic nature of CMR and some GMR 
materials, many prior art magnetic sensor devices introduce 
anisotropy into the response thereof. A primary limitation of 
many prior art magnetic sensor devices is that the shape of 
the magnetoresistive sensor element is rectangular or oth- 
erwise not symmetrical in the sensor plane. This typically 
introduces shape anisotropy into the response of the sensor. 
Shape anisotropy can significantly reduce the isotropic 
nature of the magnetic field sensor. 

One approach to providing an isotropic magnetic field 
sensor is to use a proton precession magnetometer. A proton 
precession magnetometer uses the same principles as 
nuclear magnetic resonance (NMR). That is, the resonance 
frequency of a proton is dependent on the total incident 
magnetic field. While this approach may provide an isotro- 
pic magnetic field sensing function, the complexity and cost 
of such systems can be prohibitively large for many appli- 
cations. 

SUMMARY OF THE INVENTION 

The present invention overcomes many of the disadvan- 
tages of the prior art by providing a magnetic field sensor 
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that isotropically senses an incident magnetic field. This is 
preferably accomplished by providing a magnetic field sen- 
sor device that has one or more circular shaped magnetore- 
sistive sensor elements for sensing the incident magnetic 
field. The magnetoresistive material used is preferably 5 
isotropic, and may be a CMR material or some form of a 
GMR material. Because the sensor elements are circular in 
shape, shape anisotropy is minimized. Thus, the resulting 
magnetic field sensor device provides an output that is 
relatively independent of the direction of the incident mag- 10 
netic field in the sensor plane. 

In a first illustrative embodiment, the magnetic field 
sensor includes a first leg and a second leg. The first leg is 
connected between an output net and a first power supply 
terminal. The second leg is connected between the output net 15 
and a second power supply terminal. To sense an incident 
magnetic field isotropically, at least one circular shaped 
sensor element formed from a magnetoresistive material is 
incorporated into at least one of the first and second legs. 
Preferably, two or more circular shaped magnetoresistive 20 
sensor elements are incorporated into either the first leg or 
second leg, with the other leg formed from a non- 
magnetoresistive material. The two or more circular shaped 
sensor elements are preferably connected in a series con- 
figuration via a number of non-magnetoresistive connectors 25 
to form the corresponding leg. 

To maximize the sensitivity of the magnetic sensor 
device, the circular shaped sensor elements are preferably 
formed from a Colossal magnetoresistive material. 30 
However, it is contemplated that GMR materials may also be 
used. Illustrative Colossal magnetoresistive materials are 
those generally described by the formula (LnA)Mn0 3 , 
wherein Ln=La, Nd, or Pr and A=Ca, Sr, Ba or Pb. 
Preferably, the Colossal magnetoresistive material is 35 
LaCaMnO, having concentrations of La between 26-32 
atomic percent, Ca between 9-20 atomic percent, and Mn 
between 47-64 atomic percent. 

In another illustrative embodiment, the magnetic field 
sensor includes a first leg, a second leg, a third leg and a 40 
fourth leg. The first and second legs preferably are con- 
nected between a first output net and a second output net, 
respectively, and a first power supply terminal. The third and 
fourth legs preferably are connected between the first output 
net and the second output net, respectively, and a second 45 
power supply. To sense an incident magnetic field 
isotropically, at least one circular shaped sensor element 
formed from a magnetoresistive material is incorporated into 
at least one of the first, second, third and fourth legs. 
Preferably, the first and fourth legs are each formed from two 50 
or more circular shaped magnetoresistive sensor elements, 
with the second and third legs formed from a non- 
magnetoresistive material. For each of the first and fourth 
leg, the corresponding two or more circular shaped sensor 
elements are preferably connected in a series configuration 55 
via a number of non-magnetoresistive connectors to form 
the corresponding leg. The circularly shaped magnetoresis- 
tive sensor elements are preferably formed from the same 
Colossal materials as described above. 

60 

BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects of the present invention and many of the 
attendant advantages of the present invention will be readily 
appreciated as the same becomes better understood by 65 
reference to the following detailed description when con- 
sidered in connection with the accompanying drawings, in 
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which like reference numerals designate like parts through- 
out the figures thereof and wherein: 

FIG. 1 is a response curve for a typical Colossal magne- 
toresistive material; 

FIG. 2 shows a schematic diagram of a typical resistance 
measurement of a magnetoresistive film; 

FIG. 3 is a schematic diagram of a first illustrative 
embodiment of the present invention; 

FIG. 4 is a schematic diagram of another illustrative 
embodiment of the present invention; 

FIG. 5 is a schematic diagram of another illustrative 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

As indicated above, the present invention provides a 
magnetic field sensor that isotropically senses an incident 
magnetic field. This is preferably accomplished by provid- 
ing a magnetic field sensor device that has one or more 
circular shaped magnetoresistive sensor elements for sens- 
ing the incident magnetic field. Because the sensor elements 
are circular in shape, shape anisotropy is minimized. Thus, 
the resulting magnetic field sensor device provides an output 
that is relatively independent of the direction of the incident 
magnetic field in the sensor plane. 

FIG. 3 is a schematic diagram of a first illustrative 
embodiment of the present invention. In this embodiment, 
the magnetic field sensor includes a first leg 50 and a second 
leg 52. The first leg 50 is connected between an output net 
54 and a first power supply terminal 56. The second leg 52 
is connected between the output net 54 and a second power 
supply terminal 58. The first power supply terminal 56 is 
preferably connected to a first power supply voltage (Vs), 
and the second power supply terminal 58 is preferably 
connected to ground (GND). Further, the first leg preferably 
has a first resistance Rl, and the second leg preferably has 
a second resistance R2. In this configuration, the output 
voltage Vout at the output net 54 is given by the equation: 


To sense an incident magnetic field isotropically, at least 
one circular shaped sensor element 60 formed from a 
magnetoresistive material is incorporated into at least one of 
the first and second legs. Preferably, two or more circular 
shaped magnetoresistive sensor elements 62a-62n are incor- 
porated into the first leg 50 as shown, with the second leg 52 
formed from a non-magnetoresistive material. The two or 
more circular shaped sensor elements 62a-62n are prefer- 
ably connected in a series configuration as shown, via a 
number of non-magnetoresistive connectors 64a-64n, to 
form the first leg 50. To adjust the resistance of the first leg 
to a desired value, the number and size of the circular shaped 
elements can be varied. 

As indicated in FIG. 1 and FIG. 2 above, the resistance of 
the magnetoresistive material of the sensor elements 
changes when exposed to an incident magnetic field in the 
sensor plane. Thus, the resistance of the first leg 50 (Rl) 
changes by, for example, AR when exposed to a magnetic 
field. The magnitude of AR is typically proportional to the 
amplitude of the incident magnetic field, as long as the 
incident magnetic field is within the linear region of the 
magnetoresistive material. 
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When exposed to an incident magnetic field, the output 
voltage can be expressed as: 


Vour = Vs 


R2 


(. R1 + A R) + R2) 


( 2 ) 


where AR is the change in voltage of the first leg 50 when 
exposed to an incident magnetic field. As shown in FIG. 1, 
AR is typically negative. Thus, Vout increases as the ampli- 
tude of the incident magnetic field increases. By detecting 
the change in Vout, the magnitude of the incident magnetic 
field in the sensor plane can be determined. 

To maximize the sensitivity of the magnetic sensor 
device, the circular shaped sensor elements 62a-62n are 
preferably formed from a Colossal magnetoresistive mate- 
rial. However, it is contemplated that GMR materials may 
also be used. Illustrative Colossal magnetoresistive materi- 
als are those generally described by the formula (LnA) 
MnO s , wherein Ln=La, Nd, or Pr and A=Ca, Sr, Ba or Pb. 
Preferably, the Colossal magnetoresistive material is 
LaCaMnO, having concentrations of La between 26-32 
atomic percent, Ca between 9-20 atomic percent, and Mn 
between 47-64 atomic percent. More preferably, the Colos- 
sal magnetoresistive material is LaCaMnO, having a 28.4 
atomic percent concentration of La, a 11.6 atomic percent 
concentration of Ca, and a 60 atomic percent concentration 
of Mn. 

Magnetoresistive films tend to respond differently to 
out-of-plane magnetic fields than in-plane fields. This is 
caused by the very large demagnetization fields that result 
when one attempts to tilt the magnetization out of the film 
plane by applying an out-of -plane field. For in-plane mag- 
netic fields, however, the present invention provides a 
mechanism for measuring the fields isotropically by mini- 
mizing the shape anisotropy associated with the sensor 
elements. 

FIG. 4 is a schematic diagram of a another illustrative 
embodiment of the present invention. In this embodiment, 
the magnetic field sensor includes a first leg 80, a second leg 
82, a third leg 84 and a fourth leg 86. The first leg 80 and 
the second leg 82 preferably are connected between a first 
output net 90 and a second output net 92, respectively, and 
a first power supply terminal 94. The third leg 84 and the 
fourth leg 86 preferably are connected between the first 
output net 90 and the second output net 92, respectively, and 
a second power supply 96. It is contemplated that each of the 
legs 80, 82, 84 and 86 may be connected to a separate power 
supply, if desired as shown in FIG 5. 

To sense an incident magnetic field isotropically, at least 
one circular shaped sensor element formed from a magne- 
toresistive material is incorporated into at least one of the 
first, second, third and fourth legs 80, 82, 84 and 86. 
Preferably, the first leg 80 has two or more circular shaped 
magnetoresistive sensor elements 98a-98/7. Also, the fourth 
leg 86 preferably has two or more circular shaped magne- 
toresistive sensor elements 102^-102/7 . The second leg 82 
and third leg 84 are preferably formed from a non- 
magnetoresistive material. 

The at least one circular shaped sensor elements of the 
first leg 80 are preferably connected in a series 
configuration, as shown, via a number of non- 
magnetoresistive connectors lOOa-100/7. Likewise, the at 
least one circular shaped sensor elements of the fourth leg 86 
are preferably connected in a series configuration, as shown, 
via a number of non-magnetoresistive connectors 
104u- 104/7. The circularly shaped magnetoresistive sensor 
elements are preferably formed from the same Colossal 
materials as describe above. 


There are preferably eight 10-15 jum diameter circular 
shaped sensor elements in both the first leg 80 and the fourth 
leg 86. The first leg 80 and the fourth leg 86 also preferably 
provide the same overall resistance value R r . The second leg 
5 82 and the third leg 84 also preferably provide the same 
resistance R r The result is a balanced wheatstone bridge, 
with substantially no output voltage between the first output 
net 90 and the second output net 92 when no incident 
magnetic field is applied. 

In this configuration, the output voltage between the first 
output net 90 and the second output net 92 is provided by the 
formula: 


15 


Vout 


y # 2,3 - (# 1,4 + A/?) 
5 .# 2,3 + (# 1,4 + A#) 


( 3 ) 


where Ri ;4 =R 2 , 3 > and where AR is the change in resistance 
of the first leg 80 and the fourth leg 86 as a result of the 
incident magnetic field in the sensor plane. As shown in FIG. 
20 1, AR is typically negative. Thus, Vout increases as the 
amplitude of the incident magnetic field increases. By 
detecting the change in Vout, the magnitude of the incident 
magnetic field in the sensor plane can be determined. 

Having thus described the preferred embodiments of the 
25 present invention, those of skill in the art will readily 
appreciate that the teachings found herein may be applied to 
yet other embodiments within the scope of the claims hereto 
attached. 

What is claimed is: 

1. A magnetic field sensor for producing an output voltage 
30 that is proportional to the amplitude of an incident magnetic 

field in a sensor plane, the magnetic field sensor comprising: 

a first leg having a first end and a second end, said first leg 
including one or more first circular shaped elements 
provided in the sensor plane, selected ones of the first 
35 circular shaped elements are formed from an isotropic 

magnetoresistive material, the first end of said first leg 
is connected to a first power supply terminal; 

a second leg having a first end and a second end, wherein 
the first end is connected to a second power supply 
40 terminal; 

a third leg having a first end and a second end, wherein the 
first end is connected to a third power supply terminal, 
and the second end is connected to the second end of 
the first leg; 

45 a fourth leg having a first end and a second end, said 
fourth leg including one or more second circular shaped 
elements provided in the sensor plane, selected ones of 
the second circular shaped elements are formed from an 
isotropic magnetoresistive material, the first end of the 
50 fourth leg is connected to a fourth power supply 
terminal, and the second end of said fourth leg is 
connected to the second end of the second leg; 

whereby an output voltage is produced between the 
second end of the first leg and the second end of the 
55 second leg that is proportional to the applied magnetic 
field in the sensor plane and independent of the direc- 
tion of the magnetic field in the sensor plane. 

2. A magnetic field sensor according to claim 1 wherein 
the first power supply terminal is electrically connected to 
the second power supply voltage terminal, and the third 

60 power supply terminal is electrically connected to the fourth 
power supply terminal. 

3. A magnetic field sensor according to claim 1 wherein 
the second leg is formed from a non-magnetoresistive mate- 
rial. 

65 4. A magnetic field sensor according to claim 3 wherein 

the third leg is formed from a non-magnetoresistive mate- 
rial. 
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5. A magnetic field sensor according to claim 1 wherein 
said first leg includes two or more first circular shaped 
elements, and each of the two or more first circular shaped 
elements are interconnected to at least one other of the first 
circular shaped elements via a non-magnetoresistive mate- 5 
rial. 

6. A magnetic field sensor according to claim 2 wherein 
said fourth leg includes two or more second circular shaped 
elements, and each of the two or more second circular 
shaped elements are interconnected to at least one other of 10 
the second circular shaped elements via a non- 
magnetoresistive material. 

7. A magnetic field sensor according to claim 1 wherein 
selected ones of the first and second circular shaped ele- 
ments are formed from a Colossal magnetoresistive mate- 15 
rial. 

8. A magnetic field sensor according to claim 7 wherein 
the Colossal magnetoresistive material is generally 
described by the formula LaCaMnO. 
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9. A magnetic field sensor according to claim 7 wherein 
the Colossal magnetoresistive material is LaCaMnO, having 
concentrations of La between 26-32 atomic percent, Ca 
between 9-20 atomic percent, and Mn between 47-64 
atomic percent. 

10. A magnetic field sensor according to claim 9 wherein 
the concentration of La is 28.4 atomic percent, the concen- 
tration of Ca is 11.6 atomic percent, and the concentration of 
Mn is 60 atomic percent. 

11. A magnetic field sensor according to claim 9 wherein 
the Colossal magnetoresistive material is a material gener- 
ally described by the formula (LnA)Mn0 3 , wherein Ln=La, 
Nd, or Pr and A=Ca, Sr, Ba or Pb. 

12. A magnetic field sensor according to claim 1 wherein 
selected ones of the first and second circular shaped ele- 
ments are formed from a giant magnetoresistive material. 



